Abstract In the mammalian white matter, glycogen-derived lactate from astrocytes plays a critical role in supporting axon function using the astrocyte-neuron lactate transfer shuttle (ANLTS) system with specialized monocarboxylate transporters (MCTs). A rapid breakdown of glycogen to lactate during increased neuronal activity or low glucose conditions becomes essential to maintain axon function. Therefore astrocytes actively regulate their glycogen stores with respect to ambient glucose levels such that high ambient glucose upregulates glycogen and low levels of glucose depletes glycogen stores. Although lactate fully supports axon function in the absence of glucose and becomes a preferred energy metabolite when axons discharge at high frequency, it fails to benefit axon function during an ischemic episode in white matter. Emerging evidence implies a similar lactate transport system between oligodendrocytes and the axons they myelinate, suggesting another metabolic coupling pathway in white matter. Therefore the conditions that activate this lactate shuttle system and the signaling mechanisms that mediate activation of this system are of great interest. Future studies are expected to unravel the details of oligodendrocyte-axon lactate metabolic coupling to establish how white matter components metabolically cooperate and that lactate may be the universal metabolite to sustain CNS function.
Introduction
Energy homeostasis in the brain is maintained predominantly by oxidative metabolism of glucose, primarily to fulfill the energy demand associated with ionic gradients in neurons and astrocytes. The mobilization of glycogen in astrocytes serves to enhance the availability of glucose for neuronal glycolytic and oxidative metabolism at the onset of stimulation. The evolutionary selection process for glycogen metabolism reflects the requirements of rendering large amounts of glucose into an osmotically stable but readily soluble substrate for rapid mobilization. Therefore glycogen serves as a glucose reserve and substrate buffer for local energy demand. The regulation of glycogen is under the control of enzymatic machinery that is exquisitely sensitive to cell energy status. Mobilization of glycogen in the brain is under allosteric control of adenylates (ATP, ADP and AMP) via AK-and CKmediated reactions as well as AMP-activated and/or AMPdependent protein kinases.
At the cellular level, the sodium-potassium pump (Na + /K + pump) plays a major role in neuron-astrocyte metabolic interactions that form the basis for coupling between neuronal activity and energetics (Munzer et al. 1994; Hertz et al. 2007 ). The astrocytic Na + /K + pump is exquisitely sensitive to increases in extracellular K + (Henn et al. 1972; Hajek et al. 1996; Honegger and Pardo 1999) , which a) allocates astrocytes primarily to clear the extracellular K + that accumulates upon neuronal activity, and b) makes astrocytes high energydemanding cells (Attwell and Laughlin 2001) . As a result, astrocytes act as sensors to neuronal activity levels and the energy demand of astrocytes during neuronal activity is substantially high, in particular when other ATP-dependent reactions occur such as glutamate-glutamine pathway cycles. Because 1) glycogen and glycogen phosphorylase activity are confined to astrocytes (Phelps 1972; Pfeiffer-Guglielmi et al. 2003) , 2) astrocytes are strategically positioned to uptake glucose via glucose transporter 1 (GLUT 1) from the blood circulation Simpson et al. 1994; Vannucci et al. 1997) , and 3) astrocytic end-feet store glucose as glycogen (Chih et al. 2001) , astrocytes are the principal cells uniquely equipped to maintain energy homeostasis .
Establishing the physiological role of brain glycogen raised challenging and at times conflicting questions. Historically, Kuffler (Kuffler and Nicholis 1964; Kuffler and Potter 1964; proposed the idea that glial cells contribute to neuronal energy metabolism, but it was Tsacopoulos et al. (1994) who established metabolite transfer from glial cells to neuronal cells, albeit in the nonmammalian honeybee retina model system. Early versions of the astrocyte-neuron lactate shuttle hypothesis (ANLSH) were eventually refined to assert that lactate produced by active neurons and astrocytes is released into a lactate pool that is eventually used by neurons at rest or during activity. The revised hypothesis included that activation of glycolysis and production of lactate can take place in active neurons in addition to astrocytes. Since then, accumulating evidence has shown that there is a functional astrocyte-neuron lactate transfer shuttle (ANLTS) in multiple CNS regions (Magistretti et al. 1994; Wender et al. 2000; Pellerin et al. 2002) . In the mammalian CNS, white matter tracts comprise long-range axons with varying degrees of myelination and their associated glial cells. Due to the challenge of meeting the metabolic needs of transport and signal conduction of these long-range axons, lactate is a critical energy substrate. This review focuses on glia-derived lactate transfer to axons in optic nerve, a pure white matter tract with fully myelinated axons, and astrocyte glycogen and oligodendrocyte glycolysis as potential sources of lactate to support axon function.
Astrocyte-neuron lactate transfer shuttle (ANLTS) in white matter
Mammalian white matter tracts are metabolically challenged, even under physiological conditions, due to extensive axonal energy demand and significant glial cell maintenance (Ransom and Orkand 1996; Harris and Attwell 2012) . Despite this, they have a relatively restricted substrate supply due to a unique vascular network that is much less dense compared to gray matter (Moody et al. 1990 ). White matter architecture further complicates energy metabolism because oligodendrocytes wrap myelin around axons to facilitate axon transport, but this inevitably forms a barrier around the axons that restricts extracellular metabolites from gaining access to axons (Nave 2010a, b) . There is morphological evidence that astrocytes contact axons at nodes of Ranvier (Black and Waxman 1988) , presumably to uptake energy metabolites via their end-feet (Butt et al. 1994 ) and deliver energy substrate to axons via ANLTS (Pellerin et al. 1998 ). This shuttle system in principle states that capillary glucose taken up by astrocyte end-feet is stored as glycogen in astrocytes, to be delivered to axons as lactate when needed (Dringen et al. 1993) . While astrocytes do not release glucose, they are capable of releasing lactate via specialized monocarboxylate transporters (MCTs). The cellular expression pattern of MCTs is heterogeneous and directs one-way traffic of lactate from astrocytes to axons. Among several isoforms of MCTs, MCT1 is expressed by tissues that export lactate and MCT2 is expressed by tissues that consume lactate, so MCT1 is ideally expressed by astrocytes while axons express MCT2 (Poole et al. 1996; Broer et al. 1997) . The architectural organization of ANLTS in white matter tracts includes: 1) the cell-specific distribution of lactate dehydrogenase (LDH) isozymes to convert pyruvate to lactate (LDH5) in astrocytes and to convert lactate to pyruvate (LDH1) in neuronal elements (Bittar et al. 1996) ; 2) cell-specific locations of MCTs; and 3) the strategic location of astrocytes at neurovascular units to store glycogen. This anatomical organization supports an astrocyte-derived lactate shuttle in white matter while raising the question of whether this shuttle is functional and whether lactate is a preferred or secondary energy substrate coupled to white matter metabolism.
Is lactate the substrate of choice for axonal energy?
A direct correlation between astrocyte glycogen content and axon function ) established a link between astrocyte-derived L-lactate and axonal metabolic coupling (Tekkok et al. 2005) in mouse optic nerve (MON). Astrocytes and myelinated axons maintain 3-dimensional cell-to-cell interactions in MONs, providing an in vitro preparation where extracellular glucose levels and glycogen content can be modified to correlate with axon function and architectural structure to study the interactions between these parameters. Astrocytes possess the enzymes glycogen synthase and glycogen phosphorylase (Pellegri et al. 1996; Pfeiffer-Guglielmi et al. 2003) , so glycogen synthesis and breakdown are maintained in a steady state but can also be precisely adjusted to meet changing energy demands of axons. Consistent with this, glycogen levels in MONs are sustained over time (7 pmol/μg protein) when extracellular glucose concentration is kept at 10 mM. Removal of glucose (0 mM Glucose for 60 min) causes a gradual reduction in glycogen content and after 20 min of aglycemia, glycogen content rapidly declines, reaching its lowest value at around 30 min . Axon function remains constant during the first 20 min of aglycemia, but starts to decline and eventually decreases to zero following a time course parallel to glycogen levels. Using a MON preparation, the dependence of axon function on glycogen content can be tested extensively.
For instance, incubating MONs in low glucose concentrations (2 mM, 120 min) before aglycemia induction depletes glycogen stores, leading to rapid loss of axon function upon induction of aglycemia . Expectedly, increasing glycogen content by incubating MONs in high glucose concentrations (30 mM for 120 min) sustains axon function for a longer duration upon removal of glucose. Glycogen content quantification confirms that incubating MONs in low or high glucose for 120 min regulates glycogen stores, hence axon function becomes more vulnerable when glycogen stores are depleted . On the other hand increasing only ambient glucose in the extracellular environment for shorter periods of time (30 min) does not modify levels of glycogen stores in astrocytes and fails to support axon function and recovery following aglycemia. These studies provide proof-of-principle that the lactate shuttle is optimally functional in white matter and that in the absence of glucose, glycogen is broken down to provide lactate to support axon function .
When axons are stimulated at low frequencies, they are able to use either glucose or lactate, raising the question of whether there is a preferential metabolite following higher frequency activity. Indeed, high frequency stimulation drastically decreases MON glycogen content under normoglycemic conditions. Most evidence to date supports that in white matter, lactate arising from glycogen mobilization in astrocytes is shuttled to axons using distinct MCT isoforms found on astrocytes and axons to sustain axon function when glucose is low or enhanced firing is required . These data emerged from experiments that used D-lactate, a metabolically inert but transportable competitive inhibitor of L-lactate. MCTs are stereo-specific with a preference for L isomers but are still significantly permeable to D isomers, so D-Lactate acts as a competitive inhibitor. Replacing glucose in the extracellular environment with L-lactate (20 mM for carbon equivalent of 10 mM glucose) supports axon function such that under normoglycemic conditions, axon function remains constant or similar numbers of axons recover following an episode of aglycemia. Conversely, D-Lactate (20 mM) accelerates axon function loss by competitively blocking astrocyte-derived L-lactate use by axons. In conditions where astrocyte glycogen content is increased, axon function is preserved during aglycemia and recovery is significantly improved. However, addition of D-lactate during aglycemia expedites axon function loss and dramatically reduces axonal recovery. Similarly when glycogen content was reduced by incubating MONs in low glucose (2 mM for 120 min), axon function remained stable during steady-state activity, but the addition of D-lactate sharply depressed conduction, leading to complete loss of axon function and verifying that D-lactate blocks glycogen-derived lactate and hampers axonal conduction. Interestingly, a train of high frequency stimulation causes a prominent drop in glycogen content and a slight but transient depression in axon function, suggesting that lactate is the primary energy metabolite during increased physiological activity. Addition of D-lactate during high frequency stimulation leads to a prominent decline in axon function, confirming that lactate is the preferred substrate to support axon function (Tekkok et al. 2005) .
These results collectively support a well-defined lactate shuttle system between astrocytes and neurons in a fully myelinated pure white matter tract. Localization of MCT1 on astrocytes and MCT2 on axons substantiates the idea that astrocytic glycogen fuels neighboring axons when glucose is low or when there is increased activity. It is also plausible that axons may subsist primarily on Llactate, even in the presence of glucose. It is critical to maintain axon function to properly relay information in the CNS, therefore the implication of glycogen-derived lactate use under control conditions or during recovery from an injury, as well as the ability to recruit synapses upon high frequency stimulation of axons during learning and memory, expand the importance of this shuttle. Of particular interest is whether this support system is impaired during aging, contributing to agedependent neurodegenerative diseases. These questions currently remain under investigation.
Can lactate be used as a substrate during ischemia?
In a series of experiments, localized application of glutamate caused cortical injury, which was attenuated by the presence of L-lactate. Likewise, infusion of D-lactate aggravated the glutamate-induced cortical injury size, implying that lactate is neuroprotective and neurons prefer lactate to derive energy during excitotoxicity. Consistent with this, amino acid release increases during the reperfusion period following an ischemic attack, which is attenuated in the presence of L-lactate (Alessandri et al. 1996; Ros et al. 2001) . Do these principles apply to ANLTS in white matter? The presence of glycogen-derived lactate under ischemic conditions failed to support axon function in white matter (Fig. 1) . After incubating MONs in high glucose (30 mM for 120 min) to upregulate glycogen stores, oxygen and glucose depletion (OGD for 60 min) caused a more rapid drop in axon function following high glucose incubation (Fig. 1a) , but there was comparable recovery (Fig. 1b) to levels observed under normoglycemic conditions (10 mM glucose). Furthermore, increasing ambient glucose levels (30 mM glucose for 30 min) did not impact axon recovery in MONs. Ischemia, which is produced experimentally by removing glucose and oxygen from the tissue and mimics the effects of stroke where a thrombus interrupts blood supply to parts of the brain, results in decreased glycogen levels. Unlike aglycemia, where glucose is absent but other available energy reserves can be metabolized aerobically, during ischemia oxidative phosphorylation is inhibited. While it is accepted that the integrated function of the mammalian brain requires oxygen, white matter has been shown to be relatively resistant to anoxia (Tekkok et al. 2003) . This is because the energy yield from glucose is sufficient to sustain a subgroup of axons during anoxia in rodent optic nerve. However, glycogenderived lactate in the presence of combined OGD is unable to provide fuel and is not neuroprotective. Note that glycogen is metabolized to yield glycolytic energy during ischemia and may be the preferential substrate for neuronal elements in the penumbra region as opposed to the core stroke area. Therefore it is plausible that white matter adjacent to the core stroke area may benefit from lactate availability (Alessandri et al. 1996; Ros et al. 2001 ).
Are oligodendrocytes a consumer or a source of lactate?
More recent evidence supports that oligodendrocytes display metabolic diversity similar to neurons and can utilize both glucose and lactate to extract energy and to synthesize lipids to deposit as myelin along axons (Sanchez-Abarca et al. 2001) . Oligodendrocytes contact multiple axons and oligodendroglial cytoplasm extends into multiple myelinating shafts that face the periaxonal space, establishing a network of access to axons. During the process of myelination, each oligodendrocyte produces large amounts of myelin beyond its own mass, making them metabolically demanding during development. Once myelination is complete, maintaining the complex architecture of myelin continues to be a metabolic challenge due to the slow and difficult process of myelin delivery. Recent evidence suggests that this morphological organization is the basis of a metabolic interaction between oligodendrocytes and axons beyond current concepts (Funfschilling et al. 2012) . Oligodendrocytes are charged with adjusting the efficiency of signal propagation through precise myelination of axons as the activity and metabolic needs of the CNS change. It is estimated that glucose delivery at the nodes of Ranvier may be sufficient to maintain mitochondrial ATP production under steady state conditions without any glial cell support. On the other hand, with increased activity in longer and larger fibers, both oligodendrocytes and astrocytes supply axons with pyruvate/lactate as the need arises (Nave 2010a, b; Funfschilling et al. 2012; Lee et al. 2012) . This supports the suggestion that the lactate shuttle is not restricted to astrocytes and axons, but rather that another specialized lactate shuttle exists between oligodendrocytes and their myelinated axons (Amaral et al. 2013) . Recent genetic studies propose that oligodendrocytes sustain axonal energy metabolism by performing aerobic glycolysis and delivering lactate to the myelinated compartments via monocarboxylate transporters (MCTs) (Funfschilling et al. 2012) . This metabolic support depends on non-compacted regions of myelin that connect oligodendrocyte cell bodies to the periaxonal cytosolic space under the myelin sheath. These tube-like cytosolic compartments called myelinic channels run parallel to axons facing the axonal internode and facilitate metabolic exchange via MCTs. Abnormal metabolic support by oligodendrocytes is now accepted to underlie various diseases, ranging from amyotrophic lateral sclerosis to psychiatric diseases (Nave and Ehrenreich 2014) . OGD in 10 mM Glucose OGD in 30 mM Glucose Fig. 1 Lactate cannot be used as a substrate during ischemia. a Time course of compound action potential (CAP) area shows that following oxygen glucose deprivation (OGD), axon function recorded in MONs incubated in high (30 mM, red) glucose drops faster than in MONs incubated in normal (10 mM, black) glucose, but both groups recover to similar levels following 60 min of OGD. b Histograms show that CAP area recovery is similar between the two groups and is independent of lactate availability during OGD (60 min)
Conclusions
In white matter, astrocytes store glycogen and glycogen breakdown occurs when glucose concentration is low or most importantly during increased energy demand under normoglycemic conditions, demonstrating that CNS white matter glycogen plays a crucial role as an energy substrate during physiological conditions to maintain function . Thus a role for glycogen as an energy buffer, rather than an energy reserve, is now well-established in white matter . In this role brain glycogen provides an energy substrate in the form of glycogen-derived lactate, even in the presence of normoglycemic concentrations of glucose, to support function when ambient glucose alone is insufficient to meet immediate tissue energy demands. Providing tissue with an unlimited energy substrate allows indefinite maintenance of function during high intensity stimuli, indicating that the ability to support function during increased tissue energy demand is dependent on the availability of a suitable energy substrate. Therefore astrocyte glycogen content determines neuronal and axonal survival (Swanson and Choi 1993) and consequently once glycogen content is depleted during constant hypoglycemia, brain function fails and may suffer irreversible injury (Auer 1986; Frier and Fisher 1999) . Up-regulation or down-regulation of glycogen content modifies latency to axon failure (Wender et al. 2000; Brown et al. 2003) . Similarly, blocking lactate uptake into axons by application of D-lactate, a competitive blocker of L-lactate uptake, accelerates axon function failure during aglycemia. Taken together these data indicate that glycogen content present in the tissue at the onset of aglycemia determines the duration of axon function , a relationship that may have profound implications for patients that suffer from type-1 diabetes mellitus and experience frequent silent white matter infarcts leading to declining cognitive function. Similarly, axon function as the presynaptic input dictates synaptic transmission and synaptic plasticity underlying learning and memory-related events that decline with age and in neurodegenerative diseases. Therefore all evidence points toward astrocyte-derived lactate as a crucial substrate and this metabolic coupling is validated in both gray and white matter portions of the brain. Interestingly a recent concept questions whether oligodendrocytes support axon function by delivering lactate, proposing another metabolic coupling in white matter. The conditions that activate this oligodendrocyte-axon lactate shuttle system and its signaling mechanisms are of great interest, particularly because oligodendrocytes are in a position to influence the susceptibility of injured axons to undergo degeneration or to become resistant. Therefore, impaired oligodendrocye-axon lactate shuttle is proposed to contribute to chronic demyelinating and psychiatric diseases (Nave and Ehrenreich 2014) . Future studies are expected to unravel the details of oligodendrocyte-axon lactate metabolic coupling to establish that all white matter components metabolically cooperate and that lactate may be the universal metabolite to sustain CNS function.
